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We demonstrate the active tuning of all-dielectric metasurfaces exhibiting high-quality factor (high-Q) reso-
nances. The active control is provided by embedding the asymmetric silicon meta-atoms with liquid crystals,
which allows the relative index of refraction to be controlled through heating. It is found that high quality fac-
tor resonances (Q = 270± 30) can be tuned over more than three resonance widths. Our results demonstrate
the feasibility of using all-dielectric metasurfaces to construct tunable narrow-band filters.
There is rapidly growing interest in all-dielectric meta-
surfaces1 for optical applications. Examples include flat
lenses2,3, beam converters4–6 and holograms7–9. Dielec-
tric metasurfaces are two-dimensional arrangements of
dielectric nano-resonators which exhibit low absorption
in the visible and infra-red spectral range. These low
losses allow one to obtain resonances with a high quality-
factor (high-Q) in comparison with their plasmonic coun-
terparts. Importantly, the interference of electric and
magnetic Mie-type resonant modes of the same strength
allows for fundamentally new effects to be realized, such
as unidirectional scattering10 and unity transmission in
the Huygens regime11–13. Furthermore, the Fano inter-
ference of bright and dark modes in the dielectric res-
onators14–16 provides a pathway to obtaining narrow-
band resonances with quality-factors of up to several hun-
dred17. Such quality factors open up new applications
for dielectric metasurfaces, such as high-sensitivity sen-
sors14,15 and narrow-band filters18.
To date, all narrow-band dielectric metasurfaces have
been based on static designs, defined through the choice
of geometry. Such static design does not offer the flex-
ibility required for many scientific and industrial appli-
cations, including tunable narrow band filters. There-
fore implementing dynamic control over the response
of the metasurface is essential. There have been vari-
ous schemes proposed for tuning dielectric metasurfaces
which focus on the tuning of the refractive index, either
of the dielectric resonators or of the surrounding environ-
ment. These include the electrical19 or thermal20 tuning
of semiconductor metasurfaces, as well as tuning of the
embedding medium21, using for example liquid crystals
(LCs)22,23. To date however, the tuning has only been
demonstrated with relatively broad resonances. That is,
only a low figure of merit (overall spectral shift divided
by the resonance width is less than 1) for the tunability
has been achieved, so the spectral shifts do not gener-
ally produce a dramatic change in transmission over the
tuning range.
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FIG. 1. (a) Sketch of the poly-Si resonator on a quartz
substrate. The dimensions are d = 300 nm, s = 80 nm,
w = 150 nm, periodicity p = 600 nm and height h = 250 nm.
(b) An illustration of the metasurface after infiltration with
E7 liquid crystals.
Here, we demonstrate the control of a high-Q (Q =
270± 30) dielectric metasurface by changing the proper-
ties of the medium surrounding the meta-atoms. We uti-
lize nano-resonators with an asymmetric geometry, which
allows for weak coupling into their low-radiative multi-
poles17 and therefore produce high-Q transmission fea-
tures. To enable the tuning of these high-Q resonances we
embeded the metasurface with nematic LCs, where the
LC molecules are aligned along one of the principal axes
of the resonators (Fig. 1). By heating the LCs above the
isotropic transition temperature, we can tune the narrow
band transmission features of the dielectric metasurface
by more than three resonance widths, achieving a figure
of merit (∆λ/FWHM ) of FOM = 3.3 ± 0.6. Tunable
dielectric metasurfaces such as these therefore show good
promise as tunable narrow band filters.
The all-dielectric frequency selective metasurface used
in our experiment consists of a square lattice of asymmet-
ric silicon resonators on a quartz substrate, as shown in
Fig. 1(a). When the metasurface is infiltrated with LCs
(Fig. 1(b)) the resonance condition of the meta-atoms
becomes dependent on the refractive index of the LC
medium. Importantly, the LC refractive index can be
easily adjusted through either heating or the application
of an electric field due to the LCs temperature and elec-
tric field dependent anisotropic refractive index24.
The metasurface was fabricated on a 250 nm poly-
crystalline silicon layer which was deposited using low
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2FIG. 2. Comparison of the experimentally measured (red
curve) and the numerically calculated (blue curve) transmis-
sion spectra through the silicon metasurface before the appli-
cation of the liquid crystals (i.e. superstrate of n = 1). α, β
& γ mark the three featured resonances discussed below. The
inset shows a scanning electron micrograph of the sample.
pressure chemical vapor deposition. The layer was sub-
sequently patterned using electron-beam lithography and
reactive-ion etching. A scanning electron micrograph
(SEM) image of a typical fabricated surface is shown in
the inset of Fig. 2. The transmission through the fab-
ricated metasurface was measured using a transmission
setup22,23 that was constructed in-house. Simulations of
the metasurface’s response were done using the finite dif-
ference time domain method in Lumerical.
The asymmetry in the resonators was introduced so
that Ex-polarized light is able to couple into the longitu-
dinal, mz, magnetic dipole which is parallel to the propa-
gation direction. The mz dipole radiates dominantly into
the plane of the metasurface and so for an infinite array
of resonators the energy stored into the excitation of the
longitudinal magnetic dipoles is damped only by indirect
coupling with the transverse, px, electric dipole moments
of the metasurface17. This excitation results in a narrow
transmission peak, marked as γ in Fig. 2.
Another two high Q-factor resonances can also be ob-
served in both the measured and calculated transmission
spectra of Fig. 2. The resonance at shorter wavelengths
(marked α) has a Q-factor of 270± 30. Our simulations
also reveal a third resonance, labeled β in Fig. 2(blue
curve), however this resonance is not well-pronounced in
the experimental measurements (red curve), possibly due
to fabrication imperfections.
In order to identify the nature of the observed resonant
features, in Fig. 3 we show the simulated multipolar de-
composition of their scattering into multipoles, assuming
air as an isotropic superstrate medium (n = 1). As can
be seen, the γ resonance is formed by coupling into the
mz magnetic dipole, as shown by the circulating electric
field in Fig. 3(b). It has been shown previously that by
using illumination which is annular in k-space this Fano
FIG. 3. (a) Decomposition of the spectrum in Fig. 2 (Before
the application of the liquid crystals) into Spherical Electric
Dipole (EDS), Magnetic Dipole (MD), Electric Quadrupole
(EQ) and Magnetic Quadrupole (MQ). Note that the scatter-
ing contribution is a log scale. (b) The electric field profiles
of the α and γ resonances.
resonance provides a transmission feature with a quality
factor ∼ 60017. The α resonance, on the other hand, pos-
sesses a mixture of several multipolar contributions, with
the magnetic dipole dominating, which is caused by the
broken symmetry of the meta-atoms. The sharp drop
in transmission makes this resonance a candidate for a
band-stop filter. We can also see that the β resonance,
like γ, involves simultaneous electric and magnetic dipole
contributions.
Next, we fabricated the LC cell using the metasurface
as the base substrate and covered it with a layer of posi-
tive dielectric anisotropic LC molecules (E7 LC mixture).
The thickness of the cell was set by 5µm spherical plastic
spacer particles blown onto the metasurface prior to infil-
tration with E7. To achieve initial orientation of LCs an
alignment layer of nylon6 was spin-coated on the upper
substrate and rubbed in the x-axis direction (Fig. 1(b)).
The light was incident from the back of the cell to ensure
that the polarization was not affected by the birefrin-
gence of the LCs in their nematic state.
Due to the LC infiltration, the resonance features of the
metasurface shift spectrally and their multipolar origin is
affected. Fig. 4 shows the decomposition into multipoles
of a simulation of the metasurface after LC infiltration.
The LC was modeled as an anisotropic media which fully
surrounds the resonators, and the incident field is polar-
ized along the ne axis (x-axis in Fig. 1). As a result of the
LC infiltration the α resonance is red-shifted from 880 nm
3FIG. 4. (a) Top: The transmission spectrum of the meta-
surface with an anisotropic liquid crystal medium and the
incident light polarized along the ne axis. Bottom: Decompo-
sition into spherical multipoles. (b) The electric field profiles
at the frequency of the α and γ resonances, respectively.
to ∼ 990 nm and now shows a stronger relative contribu-
tion from the electric quadrupole component while the
magnetic dipole is suppressed. The important feature to
note is that the resonance width is similar to the case
of an isotropic medium. The β and γ resonances how-
ever, both show some spectral broadening, especially in
the electric dipole contribution to γ.
Next, we studied the tunability of the resonances with
the change of the LC refractive index, including the
change from the nematic to isotropic phase, due to heat-
ing. To obtain simulation results that are a function of
temperature and to compare our numerical results with
the experimental ones we used the known temperature
dependence of no and ne of E7 LC
25, where ne is parallel
to to the director of the LCs. Our simulations predict
that the resonances will be blue shifted as the medium’s
temperature increases, as shown in Fig. 5(a). The γ reso-
nance is clearly visible in simulation, but the α resonance
is predicted to be much finer.
Fig. 5(b) shows the experimental results for the tem-
perature dependence of the transmittance spectra. The
heating of the cell was stabilized using a PID control loop
FIG. 5. (a) Simulation of the temperature dependence of
the transmission spectra of the metasurface. α and γ mark
the corresponding resonances. (b) Experimentally measured
transmittance spectra as a function of temperature. The dis-
continuity in the plot is due to the transition of the liquid
crystals from the nematic to isotropic state.
on a temperature controller. Because both the no and ne
refractive indices of the LCs depend on temperature, we
observe a spectral tuning of the resonances due to the
heating of the LC. The experimental results show that
the α resonance has a constant contrast (maximum to
minimum transmission) of approximately 55 percentage
points, which does not dramatically change with temper-
ature. In contrast, the γ resonance shows a relatively dif-
ferent contrast at different temperatures, making it less
suitable for use in narrow band filtering. The measured
quality factor of the α resonance is λ0/∆λ = 270 ± 30
in the isotropic LC state, where λ0 is the resonance
wavelength and ∆λ is the full width at half maximum
(FWHM). The figure of merit for the tuning of this res-
onance is 3.3± 0.6. The discontinuity in the graph is the
phase transition of the LC from the nematic to isotropic
state. The difference between the measured critical tem-
perature of ∼ 61◦C and the listed value of 57◦C for E7
LC is due to temperature gradients across the sample.
The tuning of the α resonance is made more explicit
in Fig. 6(a), which shows the resonance wavelength and
FWHM as a function of temperature. As can be seen,
the shift in the resonance matches the form of the tem-
perature dependence of the refractive index of E7 (Fig. 6
inset) and thus the shift is due to changes in refractive
index of the LCs. As can be seen in Fig. 6(b) the mini-
mum transmission of the resonance changes by less than
4% across the temperature range measured, thus show-
4FIG. 6. (a) The shift of the α resonance with temperature,
where the vertical bars mark the FWHM. The red line is
the best fit with a second order polynomial in the nematic
state and a linear fit in the isotropic state. (b) The minimum
transmission of the resonance as a function of temperature.
The inset shows the temperature dependence of the refractive
index of E7 liquid crystals at λ = 1550nm25.
ing that the resonance remains a good candidate for a
band-pass filter across the entire range studied.
In conclusion, we have demonstrated the liquid crystal
tuning of high-Q resonant metasurfaces composed of sili-
con nano-resonators. By introducing asymmetry into the
resonator design, we are able to obtain high quality factor
transmission features. Specifically, a narrow band trans-
mission dip of only 3.7 ± 0.3 nm width has been shown
to be tunable with a figure of merit of 3.3 ± 0.6. All-
dielectric metasurfaces therefore offer a feasible path to
the construction of tunable blocking filters which would
be rugged, lightweight and compact and suitable for var-
ious applications, including Raman spectroscopy and hy-
per spectral imaging.
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